Abstract: Crystallographic and microstructural properties of Ho(Ni,Co,Mn)O 3± perovskite-type multiferroic material are reported. Samples were synthesized with a modified polymeric precursor method. The synchrotron X-ray powder diffraction (SXRPD) technique associated to Rietveld refinement method was used to perform structural characterization. The crystallographic structures, as well as microstructural properties, were studied to determine unit cell parameters and volume, angles and atomic positions, crystallite size and strain. X-ray energies below the absorption edges of the transition metals helped to determine the mean preferred atomic occupancy for the substituent atoms. Furthermore, analyzing the degree of distortion of the polyhedra centered at the transitions metal atoms led to understanding the structural model of the synthesized phase. X-ray photoelectron spectroscopy (XPS) was performed to evaluate the valence states of the elements, and the tolerance factor and oxygen content. The obtained results indicated a small decrease distortion in structure, close to the HoMnO 3 basis compound. In addition, the substituent atoms showed the same distribution and, on average, preferentially occupied the center of the unit cell.
Introduction
Multiferroic manganites are a unique class of strongly correlated materials having very rich magnetic phase diagrams, including competitive and cooperative phenomena. In the absence of an applied magnetic field, manganites are insulators; however, small magnetic fields induce metal insulator transitions [1] .
Although the crystal structure and basic physical phenomena of such compounds have been known since the 1950s, several questions remain. Some are related to site occupancy and the effects on the magnetic response of these manganites.

Substitutions of divalent and trivalent transition metals at the manganese site have been performed on REMnO 3 (RE, rare-earth) perovskite-type compounds. The literature reports studies in which substitutions are made with cobalt or nickel atoms in systems such as RE(Mn,TM)O 3 (TM, transition metal) [2, 3] . These studies, concerning synthesis and structural and magnetic characterization, have been predominantly obtained using solid state techniques. This highlights the role of chemical elements in the structure's formation. The use of different RE and TM allows structures with different symmetries and with several degrees of distortion to be obtained, which in turn dictate the magnetic properties of the compounds [2] [3] [4] [5] . The properties of polycrystalline samples as well as single crystals were studied [6] .
Manganite oxides have the chemical formula ABO 3 , in which trivalent atoms occupy the A site and manganse atoms occupy the B site. The structural model of an ideal cubic perovskite corresponds to the metals atoms occupying the center and the vertices, and oxygen atoms occupying the faces of the cube as shown in Fig. 1(a) . The cohesion of the structure is due to chemical bonds between manganese and oxygen. Each manganese atom is surrounded by oxygen atoms sitting at the vertices of octahedrons that reflect the degree of structural distortion. For an ideal cubic perovskite structure, the polyhedra centered on the B site are not distorted, as shown in Fig. 1(b) . In terms of structural optimization, the degree of distortion observed by the octahedral BO 6 can be described in terms of the ionic radii of the elements and by Jahn-Teller effect. Since Ra is the ionic radius of the element in site A, Rb is the ionic radius of element in site B, and Ro is the ionic radius of oxygen, a tolerance factor can be defined as [7] : 1 2
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This factor qualitatively describes the degree of distortion of the experimental structure compared to the ideal cubic perovskite structure. For the ideal case, we have f = 1, and O-B-O angles equal to 180°. Structural changes lead to a shift in the tolerance factor: for rhombohedral symmetry, we have 0.96 < f < 1, and for orthorhombic symmetry, we have f < 0.96 [8] .
There are also reports that the perovskite structure is guaranteed stable with 0.89 < f < 1.2 [9] .
In the families of compounds where transition metals replace manganese atoms, an important experimental factor must be considered. When the chemical elements are situated near each other in the periodic table, more than one wavelength may be necessary to analyze the X-ray diffraction data, because chemical elements may have similar atomic scattering factor values when using a conventional radiation source. Thus, differentiating the sites occupied by substituent atoms preferentially becomes difficult [10, 11] . For these cases, the use of synchrotron light is a key point for crystallographic characterization of the compound. In this sense, the use of X-ray energies below the absorption edge of transition metals gives a contrast in the atomic scattering factors, and shows the preferred occupation of the transition metals in the structure [10] [11] [12] [13] .
Most of the studies on substitutional effects in manganites have been focused on substituting the trivalent A-site ion by a divalent ion to induce ferromagnetism and conductivity through Mn3p and Mn4p double exchange interactions. Otherwise, on yttrium-based manganites, some effects of B-site substitution, replacing some Mn ions by 3d-magnetic ions, such as Co, Ni or Cu were investigated [14] . It was shown that an almost perfect atomic order of Mn4p and Ni2p can be detected in the half-substituted compound YMn 0.5 Ni 0.5 O 3 . Also, the authors claimed that those ions were randomly distributed in another composition of the Y(Mn, Ni)O 3 system. A special case of manganite compounds is HoMnO 3 [15, 16] which presents a rich magnetic diagram that includes below the paramagnetic state, at T N = 41 K an incommensurate AFM ordering that consists of a sinusoidal modulated magnetic structure concerning only to the Mn 3+ magnetic moments. Also, below T = 22 K, Ho 3+ magnetic moments also become ordered superimposed onto the ordered Mn sublattice and it is known that the magnetic ordering in Ho 3+ ions is associated with Ho-O-Ho superexchange interactions. Finally, a commensurate magnetic structure is stable down to 1.5 K.
Other two interesting cases are HoCoO 3 which crystallizes in the orthorhombic Pnma space group and Ho 3+ ions turn out to be antiferromagnetically ordered below T N = 1.8 K [17] , and HoNiO 3 in that rare-earth sublattice orders with a different propagation vector from the Ni one, indicating that in this compound the rare-earth and the transition-metal sublattices are magnetically decoupled at least below 3 K and the Ho-Ho interactions are stronger than the possible Ni-Ho interactions [18] .
Considering the complexity of substitutional effects in this perovskite and its effects on magnetic correlations, the aim of this study was to determine the crystal structure of HoNi 0.25 Co 0.25 Mn 0.50 O 3± perovskite-type, synthesized with Pechini method. X-ray photoelectron spectroscopy (XPS) allowed us to estimate the oxidation state that the elements presented, and therefore to estimate the oxygen stoichiometry with charge balance considerations. The use of X-ray powder diffraction associated with Rietveld refinement method allowed the unit cell parameters, volume, atomic positions, degree of distortion of the structure, and a schematic view for the unit cell to be determined. Moreover, microstructural characteristics dependent on the synthesis process were also determined.
Experimental details
The modified polymeric precursor method has been widely used in synthesizing oxide compounds. Purity, homogeneity, low level of agglomeration, and small particle size distribution are some of the advantages of this method compared to solid state reaction. Moreover, the possibility of variations in sol-gel methodology, and the use of relatively lower temperatures for heat treatment are factors to be considered [19] [20] [21] .
To 20] , and subsequently at 500 ℃/4 h and 900 ℃/20 h in order to obtain a crystalline phase.
To quantify the oxidation states of the transition metals, XPS analysis was performed. The spectra were obtained by using a VG ESCA 3000 system, collected with MgKα radiation and resolution of 0.8 eV. The correction in spectra was performed through C1s peak with binding energy of 284.5 eV, and the concentration of valence state was determined with the deconvolution process using XI_SDP 3.0 software. After the valence states were determined, the tolerance factor was calculated based on the effective ionic radii of the rare-earth metals, the transition metals, and the oxygen atoms. Finally, it was possible to estimate the stoichiometry of oxygen, with charge balance considerations.
To determine whether secondary phases were present, as well as to generate the crystallographic information file (CIF), XRD analyses were performed in the conventional diffractometer Rigaku D/MAX 2100PC. In this analysis, radiation CuKα, 40 kV, 20 mA, a divergence slit of 1°, a receiving slit of 0.3 mm, a nickel filter, a step of 0.02°, a scan angle range of 10° to 100°, and a fixed time of 1 s/step were used. Unit cell parameters and volume were determined with the indexing process, achieved through the software Crysfire suite [22] and the analytical process of indexing [23] .
The International Tables for Crystallography [24] were consulted to confirm the space group and systematic absences. Atomic positions were obtained from the crystallographic information file 157395-ICSD (HoMnO 3 basis compound). Combining XRD and XPS data, Rietveld refinement was performed using the GSAS software program [25] and the interface of EXPGUI [26] .
After a CIF file of the synthesized phase was generated, the sample was analyzed at the X-ray powder diffraction beamline of the Brazilian Synchrotron Light Laboratory (D10B-XPD-LNLS, Campinas, SP, Brazil). To estimate the substituent atoms occupancy, the analysis was performed with X-ray energies below the nickel (1.4876 Å), cobalt (1.6130 Å), and manganese (1.8967 Å) absorption edges. A Si(111) crystal monochromator and Ge(111) crystal analyzer were used with synchrotron radiation, and a polycrystalline standard Si(111) sample was used for wavelength refinements. Table 1 presents information about the process of indexing carried out by using the Crysfire software and analytical methods, as well as calculated unit cell parameters, atomic positions and the space group taken from the crystallographic information file ICSD-157395 (HoMnO 3 basis compound). After manganese was substituted with nickel and cobalt atoms, information about the position and occupation of the substituent atoms was also included in Table 1 . The indexing procedure was particularly useful, since the literature reported the existence of a strong competition between the hexagonal (P6 3 cm) and orthorhombic (Pbnm) symmetries for HoMnO 3 [27] . In our case, the synthesized phase present has an orthorhombic structure.
Results and discussion
The survey spectrum from 0 to 1100 eV range showed the displacement of 11.7 eV, in relation to the C1s peak. After correction, the deconvolution process allowed us to estimate the oxidation states of transition metals and their concentrations, which were obtained from the binding energy values described in the Handbook of X-ray Photoelectron Spectroscopy [28] . In Fig. 2, Fig. 3 and Fig. 4 XPS analysis are presented, performed in the binding energy region of Ni2p, Co2p and Mn2p spectra. Besides, the results of decovolutions are presented in Table 2 . Considering the concentration of valence state ions, it was determined that the synthesized phase has a charge balanced formula . Based on the balance of charge, it was estimated that 3± has the value around 2.91, and the occupancy for oxygen atom labeled as O 2 is approximately 0.955, the value presented in Table 1 . Furthermore, from the effective ionic radii of ions, the calculated tolerance factor was 0.796. This result reinforced the possibility of the formation of a phase with orthorhombic symmetry [8] . What's more, although the value was outside the range ensuring the stability of the perovskite structure [9] , the refinement showed that the synthesized phase has the mentioned structure.
Using the values in Table 1 , conventional radiation data was refined, and a CIF file was generated for the crystallographic phase HoNi 0.25 Co 0.25 Mn 0.50 O 2.91 , to be used in further refinements with the data obtained from the use of synchrotron radiation. The refinement is illustrated in Fig. 5 , where it is possible to observe the Table 1 Initial crystallographic information used to perform Rietveld refinements using a conventional data Similarly to what was done for the refinement of Fig. 5 , a polynomial shifted Chebyschev background function with 6 terms was used for synchrotron data. The profile of the diffraction peaks was modeled with a pseudo-Voigt function parameterized by Thompson [30] , and the asymmetry correction was done using the model proposed by Finger [31] . Constraints were used for the transition metals, one for the atomic displacement parameter, and another concerning the replacement of manganese with nickel and cobalt atoms. In each analysis, we refined the background, scale, unit cell parameters, atoms positions, atomic displacements, surface roughness, and parameters related to microstructure. Table 3 Results of Rietveld refinement using synchrotron radiation data 91 unit cell, generated using the DrawXTL 5.5 software from synchrotron refined data. In Fig. 9(a) , holmium atoms (blue spheres), oxygen atoms (red spheres), and polyhedra centered on transition metal atoms are observed. The TM-O1-TM (TM = Ni, Co or Mn) angle is about 145.67°, and TM-O2-TM angle is about 144.38°. These values are close to the value of 144.1° reported for the HoMnO 3 phase [15] . These values for interatomic angles are presented in Table 3 , and demonstrate the degree of distortion with respect to the ideal cubic perovskite, where the angles are equal to 180°. Furthermore, the angles  1 and  2 presented in Fig. 9(b) have values around 64.61° and 115.39° respectively, in contrast with the 90° of an ideal cubic perovskite. A comparison with HoMnO 3 whose tolerance factor is around 0.796, shows that this synthesized phase has a slightly higher distortion. Although the difference is relatively small, a comparison of the unit cell parameters showed that the volume of the synthesized phase is 3.61% lower than HoMnO 3 . This difference can be attributed to the presence of transition metals with different valence states, and to incomplete oxygen stoichiometry. To determine the preferred occupation of the substituent atoms, integrated intensities were analyzed in the planes (200), (020) and (002) at the three wavelengths used. This situation reflected the differences in integrated intensities, and therefore the determination of the preferred transition metal occupation site. A comparison of these values showed that on the average the occupation of manganese atoms in the plane that crosses the z-axis in the middle is about 40%. In this plane, the concentration of substituent atoms is equivalent. Moreover, an average of 46.6% of the substituent atoms presented in the unit cell occupy the top and bottom of the unit cell. Table 4 presents the anisotropic microstructure analysis performed using synchrotron data. The mean crystallite size, 441 nm×201 nm, was determined based on equations for the bimodal crystallite size [25] . Also in Table 4 , the microstrain values to the (111), (200), (020) and (002) planes, calculated considering Laue symmetry and Stephens formulation [32] , show an anisotropic microstrain.
Conclusions
In this work, we determined the crystallographic and physical properties of the HoNi 0.25 Co 0.25 Mn 0.50 O 2.91 sample, synthesized with Pechini method. The proposed model for Rietveld refinement, with data obtained through diffraction and X-ray spectroscopy techniques, showed that the synthesized phase has the perovskite structure. In the process of atomic substitution, a reduction in the unit cell volume, and small changes in the atomic positions and angles were observed. Compared with the HoMnO 3 base compound, the synthesized phase showed a small increase in the structural distortion. These structural changes are assigned to the presence of several ions of different ionic radii and the oxygen content. Synchrotron radiation displayed that the substituent atoms showed the same distribution, and on average, preferentially 
